Additionally, due to non-uniformities in the fuelair mixing and in the combustion process, there typically exist hot areas in the combustor exit plane entering the turbine. These hot streaks limit the operating temperature at the turbine inlet and thus constrain performance and efficiency. In addition, these hot streaks can be zones of increased formation of oxides of nitrogen (NOx) . The non-uniformities in combustor exit temperature are described by a parameter called pattern factor. Elimination of the hot streaks, that is, a reduction in pattern factor, can provide greater turbine life, can effectively increase the maximum combustor operating temperature and thus increase engine efficiency and performance, and can also contribute to emissions reduction.
Finally, the combustor flame temperature is largely a function of the combustion zone fuel-air mixture ratio.
In order to minimize the formation of carbon monoxide (CO) and unburned hydrocarbons (UHC's), it is desirable to maintain a mixture ratio near stoichiometric. Unfortunately, mixture ratios near stoichiometric give high flame temperatures that lead to increased NOx formation.
In order to minimize CO, UHC, and NOx production, tight control over the fuelair ratio is required.
Advanced design and analysis tools such as the National Combustion Code 2"_ and physics-based combustion dynamics models 4"s'6 can guide the design and development process for modern low-emissions, high-performance gas turbine combustors. However, dynamic modeling isnotasmature assteady-state CFD modeling.This limitsthe useof dynamic models duringthe designphase. As a result,passive approaches to dealingwith combustor dynamic problems are often appliedlate in the combustor development process.Thistendsto be expensive. ActiveCombustion Control (ACC),whichprovides feedback-based control ofthefuelinjection, thefuel-air mixingprocess, andthe staging of fuel sources, can provide analternative approach toachieving acceptable combustor dynamic behavior, andthuscanprovide flexibility(additional margin) duringthe combustor design process.
In recentyears,therehasbeenconsiderable activityaddressing ACC. Government, academia, and industry research efforts, through analysis andtheuse of laboratory, combustors, have shown theconsiderable potential for activecontrol. 7, 8"9"l° Each of these efforts is described in this paper. Significant results are given as well as references to where more detailed results can be found.
Finally,
the remaining challenges to ACC are given along with recommendations for future work.
Combustion

Instability
Dynamics and Control
Combustion instabilities are usually the result of interactions between the combustion process and the acoustic fields within the combustor.
In-phase coupling of the heat addition and combustor acoustics can result in self-excited thermo-acoustic instabilities (Figure 1 ). Simplified, l-D, Quasi-l-D, and Sectored-l-D combustor dynamic models is are being developed by NASA Glenn to aid control system development and testing.
These approaches utilize the one-dimensional (or quasi-one-dimensional), Navier-Stokes equations as their basis. In addition to mass, momentum, and energy equations, there are also one or more species transport equations.
Associated with these are relatively simple reaction and heat release equations. The governing equations of motion are solved numerically using a very simple, second-order MacCormack scheme. Artificial viscosity is added in order to damp non-physical oscillations in vicinities of strong spatial gradients such as those brought about by the combustion process. The numerical scheme and associated artificial viscosity were chosen because of the computational speed which they afford.
If the combustor geometry is such that there are abrupt changes in cross section, a sectored approach is used. Here, the combustor is approximated by dividing it into a finite number of one-dimensional (constant area) sectors as shown in Figure 2 . Within each sector, Figure  3 shows the geometrical layout of one such experiment that was simulated using the sectoredone-dimensional approach. This is a lean, premixprevaporize (LPP) combustor design that exhibited instabilities at certain operating points.
When the simulation was run under the same conditions, selfexcited, unstable operation commenced, and eventually reached limit cycle behavior.
The computed peak-topeak amplitude of the pressure fluctuations at the location of a pressure transducer was approximately 7.7% of the mean. This is close to the 8°/8 value occur through the modulation of the primary fuel supply to the combustor. Figure  6 shows the block diagram for the neural controller approach.
The "plant"
actually consists of three parts: the combustor, the fuel actuation dynamics, and the sensor dynamics. Initially, the neural control approach is being developed through software simulation. The quasi-I-D model of an LPP combustor discussed earlier is being used to train the networks and will serve as a way to measure the neural controller's performance. The model will be run at five different operating points between low and full power, with an input signal, u, that spans prescribed ranges of frequency and amplitude.
This input and the pressure output from the plant, P, will be recorded in a data file. Half of this data will be used to train the neural identifier off-line; the other half will be used for its testing. ..................................... Figure  9 . Pressure measurements at different axial locations and at the equivalent axial station but different circumferential locations showed this to be a longitudinal acoustic mode. This mode was also observed at the other two operating conditions, although at smaller amplitude and slightly lower frequencies.
A comparison between the pressure spectrum in the engine and in the single-nozzle combustor rig at comparable operating conditions is shown in Figure 10 . In addition to the baseline rig configuration shown in Figure 8 , the combustor rig configuration was also changed to an extended configuration that placed the two 9.72 inch spool pieces between the pre-diffuser and the fuel injector. This extended configuration, when operated at the same mid-power evaluation condition as the baseline configuration, showed a dramatically different instability frequency (273 Hz) and magnitude ( Figure 11) . Higher order harmonics are evident, and the peaks here are narrow and coherent as compared with the results for the baseline configuration, is
The extended configuration also showed a certain "tune-ability", that is, the amplitude and the frequency of the instability varied considerably with operating condition and fuel-air ratio (Figure 12 ). This tendency to produce an instability of varying amplitude and frequency over a wide range of conditions seems to indicate that the extended configuration has the potential for producing instabilities for other nozzle/combustor configurations. 
Physics-Based
Figure 14 -Active Pattern Factor Control
System Architecture
Burner Pattern Factor Control
The Burner Pattern Factor Control element seeks to develop an active engine fuel distribution system capable of producing a more uniform combustor exit temperature. The Active Pattern Factor Control (APFC) system architecture is shown in Figure 14 . The APFC works in series with the primary fuel supply system. The fuel control system delivers the required total combustor fuel flow. Based on temperature feedback from circumferentially arranged temperature sensors at the combustor exit plane, the APFC issues commands to fuel flow modulators (valves) circumferentially arranged inside the combustor. The command signals dictate how these valves are to distribute the total fuel inside the combustor so as to achieve as uniform a temperature distribution at the exit plane as possible.
The pattern factor control work was performed by The highest risk element in this work was the development of thin film temperature sensors. A major effort was expended to develop thin-film type-S thermocouples that could be affixed to the backside surface of the turbine inlet stator vanes to provide the temperature feedback information needed by the APFC.
A number of fabrication methods were investigated for the thin-film thermocouples and durability testing of the resulting thermocouples was conducted on base material prior to fabrication onto the turbine stators. Research was also conducted into determining a suitable method for affixing the sensors to the stators, z4
The stator ring to be used in the rig tests was cut into 19 sectors (two vanes per sector) to fit into the thermocouple fabrication facility. A thin film sensor was then affixed to each of the 38 vanes. Figure  15 shows a photograph of an instrumented stator.
Specifications
for the fuel flow modulators were determined and several candidates were examined. A downselect was made to use a Sturman Industries magnetically-latched solenoid valve typically used for small automotive diesel engines. The valve consists of a high-speed, pressure balanced spool and a hermetically sealed magnetic circuit. Residual magnetism provides a Two series of rig tests were performed.
In the first series a significant number of the thin film sensors were damaged and the data collected were deemed questionable.
Inspection of the sensors after the testing revealed lead wire splice failure as the primary failure mechanism.
There was also some delamination of the thermocouple material. Valuable experience (in the form of lessons learned) was gained for furthering the development of this technology area.
In the second series of tests, the thin film sensors were replaced with conventional platinum-rhodium
thermocouples.
Two rig operating conditions (idle and medium power) were examined. Baseline measurements were taken without APFC for both of these conditions. For this effort, the pattern factor, PF, is defined as:
where Tpea_. is the measured peak temperature at the combustor exit plane and T4 ,_ is the average measured temperature.
Preliminary testing showed the potential for pattern factor reduction with both the PID and fuzzy logic control techniques.
For the idle condition, (T3=344°F, P3=48psia) the PID controller was successful in achieving a 47% reduction in pattern factor and a 7.3% reduction in NOx.
It did, however, cause a 1.1% increase in CO and a [.8% increase in
UHC.
The Fuzzy Logic controller achieved a 51.9% reduction in pattern factor and a 4.5% reduction in NOx; it caused an increase in CO of 1.0% and an increase in UHC of 1.3%. For the medium power condition, (T3=707°F, P3=145psia) the PID controller achieved a 30.8% reduction in pattern factor with a 1.4% reduction in NOx, a 0.04% reduction in CO, and a 0.2% reduction in UHC. The Fuzzy Logic controller achieved a 42.5% reduction in pattern factor, a 1.3% reduction in NOx, a 0.08% increase in CO, and a 0.62% increase in UHC. APFC data for the PID and Fuzzy controllers is shown in Figure 16 . 
